Individuals with cor pulmonale secondary to chronic pulmonary emphysema tend to have pulmonary ventilation which is less than normal both at rest and during exercise, despite the presence of factors ordinarily making for increased ventilation such as anoxemia and acidosis (1), and despite the fact that these ventilatory levels may be appreciably less than the observed maximum breathing capacity. Moreover, the ventilatory response to increased CO2 in the inspired air may be less than normal in certain patients with pulmonary emphysema (2-5). These observations have been interpreted as indicating a disorder of the chemical regulation of respiration associated with emphysema.
Individuals with cor pulmonale secondary to chronic pulmonary emphysema tend to have pulmonary ventilation which is less than normal both at rest and during exercise, despite the presence of factors ordinarily making for increased ventilation such as anoxemia and acidosis (1) , and despite the fact that these ventilatory levels may be appreciably less than the observed maximum breathing capacity. Moreover, the ventilatory response to increased CO2 in the inspired air may be less than normal in certain patients with pulmonary emphysema (2) (3) (4) (5) . These observations have been interpreted as indicating a disorder of the chemical regulation of respiration associated with emphysema.
The present study was undertaken to define more specifically the nature of this disorder in terms of the sensitivity of the neural regulatory mechanism to the carbon dioxide-hydrogen ion stimulus, and to characterize the conditions under which such a disorder might exist. Sensitivity of the neural regulatory mechanism to CO2 and/or hydrogen ion has been evaluated quantitatively by correlation of arterial blood hydrogen ion concentration and CO2 tension with effective alveolar ventilation when changes are brought about by varying amounts of carbon dioxide in the inspired air.
In the present investigation, the effects of CO2 June 29, 1954. with those in emphysematous subjects having disease of varying severity.
In order to evaluate separately the possible effects of chronic anoxemia, chronic acidosis, and chronic hypercapnia in conditioning the response of patients with advanced pulmonary emphysema, patients without pulmonary disease who exhibited such derangements have also been studied. For investigation of the effects of chronic anoxemia, patients with cyanotic congenital heart disease were chosen; for the effects of chronic acidosis patients with long standing renal failure and nitrogen retention; and for the effects of hypercapnia patients with chronic metabolic alkalosis secondary to hyperadrenalism.
MATERIALS AND METHODS
Material for study comprised twelve normal subjects, thirteen patients with chronic pulmonary emphysema, three patients with cyanotic congenital heart disease, three patients with chronic renal disease and uremia, and two patients with Cushing's syndrome and chronic metabolic alkalosis.
Subjects were studied in the post-absorptive state. Observations at rest and during a standard exercise test were carried out as outlined by Baldwin, Cournand, and Richards (6) . To determine sensitivity to the carbon dioxide-hydrogen ion stimulus, three sets of observations were made on each subject, allowing the determination of three points on the stimulus response curve. In each instance the subject breathed in succession room air, 3 per cent CO, in air, and 5 per cent CO, in air through a two-way low resistance respiratory valve with a dead space of 60 ml. The CO, mixture was supplied continuously from a tank through an anesthesia bag which was in turn connected to the inspiratory side of the respiratory valve. As previously reported by Nielsen (7) , it was found that for both normal subjects and patients approximately twenty to twenty-five minutes' inhalation of the CO, gas mixtures used was required to achieve a steady state in terms of pulmonary ventilation, 511 respiratory frequency, and respiratory exchange ratio. Therefore observations were made only after twenty to thirty-five minutes of continuous inhalation of CO2.
Expired air was collected for a three-minute period, and a steadily and continuously drawn sample of arterial blood was obtained during the middle minute from an indwelling needle in a brachial artery.
If it is assumed that in a steady state there is a consistent relationship between the arterial blood concentrations and those intra-or extracellular concentrations of certain chemical agents acting at receptor and integrative levels on the nervous system, simultaneous measurement of blood concentrations and pulmonary ventilation permits estimation of the sensitivity of the respiratory nervous regulatory mechanism as a whole to these stimuli. The values relating effective alveolar ventilation, either in terms of ventilation ratio (VR) or alveolar ventilation per square meter body surface area (VA/M'), to changes in arterial CO, tension (PaCO,) and hydrogen ion concentration (H+)a were obtained from graphs in which VR and VA/M' were plotted against PaCO, and (H+)a, respectively. For both PaCO, and (H+)a the relationship was found to be essentially linear, so that a straight line best fitting the three points could be drawn. The slopes of the lines so constructed have been utilized to determine the changes in arterial CO, tension or hydrogen ion concentration required to double the effective alveolar ventilation (PaCO,/VR, (H+)a/VR) and to determine the increase in effective alveolar ventilation per square meter body surface area associated with unit rise in arterial CO, tension or hydrogen ion concentration (VA/M2/PaCO,, VA/M2/(H+)a). To arrive at a figure representing the change in arterial CO2 tension or hydrogen ion concentration necessary to double the effective alveolar ventilation when the latter did not actually occur, the observed slope was extrapolated.
Oxygen consumption and respiratory exchange ratios were calculated in the usual way from expired air analyses. Physiological dead space ventilation was obtained using the Bohr relationship for carbon dioxide (8) assuming the arterial CO, tension to be equivalent to the mean alveolar CO, tension (9, 10) . Effective alveolar ventilation was taken as the difference between total pulmonary ventilation and dead space ventilation. Mean alveolar oxygen tensions were calculated from the usual "alveolar" equation when the inspired gas mixture was room air, and from a generalized form of the same relationships when carbon dioxide was added to the inspired air. 4 Arterial whole blood buffer base was cal-'The general form of the alveolar equation may be readily derived by expressing the alveolar respiratory exchange ratio in terms of fractions of oxygen and CO2 in alveolar and inspired air, converting certain of these dry fractions to gas tension, and solving the expression for alveolar oxygen tension (11, 12) . The form used in the present study was as follows: culated from the Singer-Hastings nomogram (13) . A list of the symbols used (14) in this report appears in Table I (16) .
RESULTS

Normal group
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A. M. tension. Two of the three patients were not able to tolerate the 5 per cent CO2 inspired gas mixture for longer than a few minutes, a finding confirmatory of Peabody's experience (19) . In these two instances the ventilation measured near the end of this short period on 5 per cent CO2 was 50 per cent or more of the maximum breathing capacity, suggesting that intolerance may result when the ventilatory drive exceeds the patient's physical capacity to respond. The sensitivity to the carbon dioxide-hydrogen ion stimulus in these two cases has been determined, therefore, on the basis of only two points on the stimulus response curve. There was a deficit in the calculated buffer base, as found by Yeomans and Stueck (20) in their uremic subjects, and no change in buffer base occurred with CO2 inhalation.
It can be seen that the response to the carbon dioxide-hydrogen ion stimulus when evaluated in terms of either the alveolar ventilation ratio or effective alveolar ventilation per square meter body surface area fell within the normal range in two patients, but was distinctly increased in a third (J. K.).
Chronic metabolic alkalosis
Clinical notes on the two patients with chronic metabolic alkalosis and CO2 retention secondary to hyperadrenalism appear in Table XII . In both instaces the anatomical diagnosis is based on gross and microscopic examination of the operative pathological specimen. It should be noted that there was no disturbance of blood acid-base balance in patient J. T. at the time of study. Although CO2 retention was documented in this patient only for the two-month period of observation prior to therapy, clinical symptoms had been present for a year or more. The venous serum CO2 content, previously about 35 mEq. per liter, fell to normal shortly after subtotal adrenalectomy, and remained so during the ensuing four months prior to study.
The spirometric observations on these two patients are shown in Table XII . The slight reductions in vital and maximum breathing capacities found in patient K. S. were probably the result of old pleural disease.
Tables XIII, XIV, and XV contain the data obtained during CO2 inhalation in these two patients. The first was found to have an elevated arterial blood pH and serum bicarbonate level at rest, with a somewhat lowered oxygen saturation. Resting values for the second patient were within normal limits at the time of study. In both cases the ventilatory responses to 3 per cent and 5 per cent CO2 inhalation were less than normal, and sensitivity to the carbon dioxide-hydrogen ion stimulus was one-half to one-third that represented by the average normal values.
DISCUSSION
The effects of CO2 inhalation on the normal subjects were comparable to those found previously (21) (22) (23) (24) (25) . In this study the average value of 1.7 mm. Hg change in arterial CO2 tension required (17) . When plotted in the same way, the data obtained in this study using normal subjects also yield a linear relationship, the equation for which is (H')a = 0.714 PaCO2 + 8.3. The increase in physiological dead space to CO2 (Bohr) accompanying the hyperpnea of CO2 inhalation in normal subjects has long been recognized (24) , and the magnitude of change observed in this study is comparable to that previously reported. Changes of this order of magnitude in the respiratory dead space with comparable increases in tidal volume have not been found using the nitrogen analysis technique (27) . However, the size of the Bohr dead space to CO2 is subject to changes in ventilation perfusion relationships in the lung, and may be increased, for example, when the lung contains appreciable numbers of well ventilated but poorly perfused alveoli. The increase in physiological dead space observed in this study with CO2 inhalation is interpreted as suggesting a change in ventilation perfusion relationships under these conditions, perhaps secondary to changes in alveolar volume, or in respiratory air flow velocity, or possibly resulting from an effect of increased CO2 tension on the pulmonary capillaries or bronchioles.
In evaluating the reduction in sensitivity to the carbon dioxide-hydrogen ion stimulus found in the Group III and IV emphysema patients, the possible effect of the hypoxic ventilatory drive at rest must be taken into consideration. As pointed out by Tenney (5) , it might be expected that the diminution in anoxemia coincident with CO2 inhalation would reduce this drive, and therefore the observed slope of the stimulus response curve might be less. As noted above, in these patients there was little or no further rise in arterial oxygen saturation with 5 per cent CO2 inhalation as compared with 3 per cent CO2, so that there was presumably no change in the degree of hypoxic drive between these two points on the stimulus response curve. Yet the slope of the curves between these two points did not differ from that between those determined at rest and on 3 per cent CO2 inhalation, there being a consistent linear relationship of the three. Therefore changing hypoxic drive, such as may have occurred, did not modify the results obtained in any detectable way.
The reduction in sensitivity to the carbon dioxide-hydrogen ion stimulus found in patients with cor pulmonale secondary to emphysema might be ascribed to one or more of the following mechanisms: 1) Increased buffering capacity of the blood associated with an elevated plasma bicarbonate level or polycythemia; 2) failure of the chest bellows to respond adequately to the normal nervous stimuli; 3) the presence of congestive heart failure, chronic anoxemia, chronic acidosis, or chronic hypercapnia per se.
In 1920, Scott (3) suggested that the reduced ventilatory response to CO2 inhalation which he observed in two patients with chronic emphysema might be explained on the basis of an increased buffering capacity of the blood secondary to a high bicarbonate level. This would result in a smaller increment in free hydrogen ion concentration on addition of a given amount of CO2, and therefore a lesser ventilatory response. However, our measurements show that with CO2 inhalation the blood hydrogen ion concentration in these patients actually increases more than in the normal group despite the presence of elevated blood bicarbonate and polycythemia. Thus the sensitivity is reduced as referred to either the CO2 or hydrogen ion stimulus. Furthermore the absence of a reduced sensitivity in the patients with marked polycythemia associated with cyanotic congenital heart disease would argue against a specific effect of polycythemia in this regard. Since both respiratory acidosis and metabolic alkalosis are associated with elevations in blood and tissue bicarbonate ion concentration as well as free carbon dioxide tension, no conclusion can be drawn from these observations as to which of these two excess quantities may lead to a reduced sensitivity, or whether both together do.
The findings in this study lend no support to the idea (30, 31) that an increased ventilatory response to CO2 necessarily accompanies the condition of metabolic acidosis by reason of the lowered buffering capacity of the blood resulting in a greater increase in hydrogen ion concentration with the addition of a given amount of CO2. Firstly, no increase in response to CO2 was ob served in two of the three patients with metabolic acidosis, and secondly, the patient demonstrating an increased response was found to have increased sensitivity in terms of hydrogen ion as well as CO2. This latter observation would be consistent with the notion that an increase in sensitivity may accompany chronic hypocapnia, since this patient was observed to have a lowered venous serum CO2 content on occasion for several years. On the other hand, if CO2 acts as a respiratory stimulus only by increasing the hydrogen ion concentration in blood and tissue, then it might be expected that chronic metabolic acidosis would result in some diminution in sensitivity to the carbon dioxidehydrogen ion stimulus as is observed with respiratory acidosis. The absence of such diminution with metabolic acidosis therefore may be construed as evidence favoring the theory that CO2 acts as a specific stimulus.
We have interpreted the data as consistent with the hypothesis of CO2 adaptation in prolonged hyper-and hypocapnia, and with the multiple factor theory of the chemical regulation of respiration advanced by Gray (17 3. Several mechanisms of possible importance in conditioning the reduced ventilatory response to CO, in the patients with cor pulmonale have been explored. They are: (a) increased buffering capacity of the blood associated with an elevated plasma bicarbonate level or polycythemia; (b) failure of the chest bellows to respond adequately to the normal nervous stimuli; (c) the presence of congestive heart failure, chronic anoxemia, chronic acidosis, or chronic hypercapnia per se.
4. The diminished response to CO, in the patients with cor pulmonale could not be accounted for on the basis of increased blood buffering capacity since the sensitivity was found to be reduced relative to the hydrogen ion as well as to the CO2 stimulus.
5. Four patients without CO2 retention but having chronic pulmonary emphysema and a mechanical ventilatory defect similar to that of the cor pulmonale group were found to have normal sensitivity to the carbon dioxide-hydrogen ion stimulus.
6. The diminished sensitivity in patients with cor pulmonale was not dependent upon the presence of congestive heart failure since three patients without congestive difficulty but having emphysema and CO2 retention were found to have a reduced sensitivity.
7. No reduction in sensitivity was found in three patients with chronic anoxemia secondary to cyanotic congenital heart disease, nor in three patients with chronic metabolic acidosis associated with renal failure. 8 . In two patients with chronic metabolic alkalosis and CO2 retention, a diminished sensitivity was demonstrated.
9. It is concluded that chronic hypercapnia per se results in a diminished sensitivity to the CO2 inhalation stimulus, which is associated with a rise I VA /M 0.6 in both arterial CO2 tension and hydrogen ion concentration.
10. Implications of these results are discussed in terms of the specificity of CO2 as a respiratory stimulus and the development of reduced sensitivity in emphysematous subjects.
